Abstract The aim of the present study is to assess the effects of respiratory motion on the image quality of twodimensional (2D), free-breathing, black-blood coronary wall magnetic resonance (MR) imaging. This study was compliance with the HIPPA. With the approval of the institution review board, 230 asymptomatic participants, including 164 male patients (72.9 ± 4.4 years) and 66 female patients (72.4 ± 5.1 years), were recruited. Written informed consent was obtained. A 2D navigator (NAV)-gated, blackblood coronary wall MR imaging sequence was run on the left main artery, the left anterior descending artery and the right coronary artery. The drift of the location of the NAV and scan efficiency were compared between good (scored 2 or 3) and poor images (scored 1). Age, body weight, body weight index, heart rate, length of the rest period of cardiac motion, diaphragm excursion and breathing frequency were compared using a t test between the ''successful'' (having 2 or 3 good images) and ''unsuccessful'' cases (having 1 or 0 good images). A logistic regression model was applied to identify the contributors to good image quality. The drift of the NAV location and the scan efficiency were higher in the 411 good images compared with the 279 poor images. Minimal drift of the NAV location and low body weight were identified as independent predictors of good images after using a logistic regression model to adjust for multiple physiological and technical factors. The stability of respiratory motion significantly influences the image quality of 2D, free-breathing, black-blood coronary wall MR imaging.
Introduction
Coronary artery disease (CAD) is a leading cause of death in older populations [1] . The features of vascular remodeling, a major manifestation of coronary plaques, are expected to serve as biomarkers for evaluating the progression of CAD [2, 3] . Over the past decade, coronary wall magnetic resonance (MR) imaging has been introduced for observing coronary remodeling in vivo, especially for quantitatively assessing subclinical atherosclerosis [4] [5] [6] . However, such a noninvasive imaging method is limited by the continual motion of the coronary tree in the three-dimensional (3D) source space from various physiological activities, including heartbeats and respiratory motions. To minimize the effect of motion on image quality, segmented imaging data from the coronary wall are generally collected within a highly selected ''acquisition window'' for minimal motion during multiple heartbeat and respiration cycles. In free-breathing coronary wall MR imaging, a ''cardiac motion-free'' duration for imaging is chosen via electrocardiogram (ECG) triggering; a ''respiratory freezing period,'' usually in the end expiration, is generally identified by dynamically tracking the position of the diaphragm using two-dimensional (2D), motion-adapted navigator (NAV) echo [7, 8] . Only the signal received during the overlapping section between the quiescence of cardiac palpitation and respiration is accepted for filling the k-space.
Unfortunately, current motion correction/suppression strategies are still unable to completely eliminate the adverse effects of motion on cardiovascular MR scans. Rapid cardiac motion, associated with faster heart rates and shorter rest periods in cardiac cycles, has already been proven to be a prominent determinant of poor image quality in coronary wall MR imaging [9] . However, there are no existing studies demonstrating how the characterization of respiration behavior affects the performance of coronary wall MR imaging in asymptomatic subjects with dominant risk factors for CAD, such as older age, diabetes mellitus (DM) and hypertension (HTN) [10] . This knowledge gap might stem from the fact that respiratory movement, comprising both volunteer motion and autonomic motion, is difficult to describe and predict, even under normal physical conditions.
The aim of the present study was to quantitatively assess the effects of respiratory motion on the performance of 2D, free-breathing, black-blood coronary wall MR imaging in elderly patients with low heart rates.
Methods

Patient study
With the approval of the institutional review board (IRB), 230 asymptomatic participants of the Chicago Healthy Aging Low Risk MRI Angiography (CHARISMA) study, including 164 male subjects (mean age 72.9 ± 4.4 years old, range 66-85 years, body weight 84.7 ± 13.3 kg, heart rate 59.8 ± 5.9 beats/minute, range 44-70 beats/minute, breath frequency 16.1 ± 2.1 breaths/minute) and 66 female subjects (mean age 72.4 ± 5.1 years old, range 65-84 years, body weight 71.9 ± 13.9 kg, heart rate 61.5 ± 5.6 beats/ minute, range 48-70 beats/minute, breath frequency 16.4 ± 2.3 breaths/minute), were enrolled. The inclusion criterion for the present cohort was asymptomatic aging (66-85 years old) without a documented history of cardiovascular diseases. The exclusion criteria were contraindications for MR scanning, heart rate [70 beats/minute and renal dysfunction. Written informed consent was obtained from all of the participants.
Participants with existing DM and HTN were identified based on their medical records. The information on the participants is shown in Table 1 .
Imaging protocols
All coronary scans were performed with a 1.5 Tesla MR scanner (ESPREE, SIEMENS, GERMANY) by two certified clinical MR technologists. For each participant, a 3-plane, fast-localization sequence was run first for anatomic orientation for the whole scan. The 2-chamber, 4-chamber and short axis views were localized for coronary imaging. Then, 4-chamber cardiac cine images were acquired with a segmented 2D steady-state free precession (SSFP) sequence. The whole-heart coronary MR angiography was acquired with a NAV-gated, ECG-triggered, fat-saturated, T2-prepared, segmented 3D SSFP sequence. The NAV signal for respiratory gating was acquired with a spin-echo readout. Both the 90-and 180°pulses were selective and were planned with a graphical user interface. A 10 mm slice thickness was used for both pulses in this study. A 90°pulse for excitation was planned in the sagittal view, and a 180°pulse for refocusing was planned in the sagittal view, tilted (30°) toward the coronal plane (sagittal [ coronal). The cross section of both pulses formed an echo in the head-foot direction. A ±2.5 mm acceptance window was used. Imaging data for which the liver-lung boundary fell within this acceptance window were accepted. Imaging data acquired outside of this acceptance window were rejected, and the same k-space lines were repeated in subsequent heartbeats until the NAV echo fell within the acceptance window. To address the drift of respiratory motion during the imaging period, a motion-adaptive gating algorithm was utilized. This algorithm constantly tracked the motion of the diaphragm (search window: ±32 mm) over the previous 20 heartbeats, and the position of the acceptance window was dynamically updated. The cross section of excitation and the refocusing of pulses for the NAV navigator gating were placed at the dome of the liver-lung interface. This protocol was established based on the localization images acquired in both the axial and coronal views. To observe and measure the motion of the diaphragm, coronal images going through the diaphragm dome (right) were repeatedly acquired, using a singleshot SSFP sequence. The other imaging parameters included the following: field of view (FOV) = 320 9 320 mm 2 ; TR/ TE = 3.7/1.7 ms; flip angle = 90°; k-space lines acquired per heartbeat = 17-35; readout bandwidth = 870 Hz/ pixel; and parallel acquisition factor = 2. The in-plane spatial resolution = 1.1 9 1.1 mm 2 . The slice thickness = 0.7 mm (interpolated from 1.4 mm). During image acquisition, beta blocker was not applied to lower heart rates. The 3D multiplanar reformations (MPR) were performed on the MR angiography images to localize the left main artery (LM), proximal left anterior descending artery (LAD), and right coronary artery (RCA). Cross-sectional black-blood images of the proximal portions of the coronary arteries were acquired using a NAV-gated (described above), ECG-triggered, double inversion recovery (DIR)-prepared, 2D turbo spin echo (TSE) sequence at 5 mm from the origins of the RCA, the LM and the LAD (perpendicular to the long axis of the vessel) for quantitative analysis [11] . The other imaging parameters included the following: TR = 800 ms; TE = 33 ms; 11-13 k-space lines per cardiac cycle; bandwidth = 305 Hz/pixel; FOV = 420 9 420 mm 2 ; matrix = 416 9 416; and slice thickness = 4.0 mm. In all of the cases, the duration of data acquisition was individually optimized to begin after the onset of the coronary rest period (mid-diastole) and not to exceed the rest period. A spectralselective adiabatic inversion recovery (SPAIR) pulse was used to suppress fat signals surrounding the coronary walls.
Image evaluation and data processing
The coronary wall images were transferred to a dedicated imaging workstation (Dell, Studio XPS 435T, installed with a Linux system, Ubuntu 11.0) for semi-automatic analysis. All of the images were graded independently by two authors (reader #1 had 5 years of experience in cardiovascular imaging and reader #2 had 8 years of experience in radiology), using a three-point system based on the following criteria [5, 12] : (1) vessel (lumen) not visible or not eligible for analysis; (2) good image quality, eligible for analysis, vessel (lumen) may have minor signal loss or image artifacts; and (3) excellent image quality, vessel (lumen) is observed continuously with minor signal loss. If the two reviewers could not reach a consensus on a certain image, a third reviewer (reader #3 had 8 years of experience in radiology) determined the final score. Reader #1 ranked all of the images again 2 months after the first review, using the same criteria, to test for intra-observer variation. Coronary images with a score of ''2'' or ''3'' were considered to have ''good'' image quality. A ''successful'' case was defined as 2 or 3 coronary segments being of good image quality, while an ''unsuccessful'' case had only 1 or 0 good images.
The breathing behavior of the participants during the scanning was measured after the MR scans by reader #2. From the NAV data recorded during the scans, the drift of the position of the NAV during the coronary wall scan (absolute value between the lowest level and the highest level) and the scan efficiency (defined as the percentage of accepted ECG triggers among the available ECG triggers) were acquired. Breath frequency (a breath was counted as a round trip of diaphragm movement at the cephalocaudal axis of the body) and diaphragm excursion (from the lowest level to the highest level) were measured from serial coronal images that dynamically showed the location of the right dome of the diaphragm.
Statistical methods
There were two levels of quantitative analysis in this study. On a per-segment basis, the drift of the NAV location and the scan efficiency were compared between coronary segments with good image quality and those with poor image quality using t-tests. A logistic regression model was applied to investigate the contributions of various factors to image quality, including sex, age, body weight, body weight index (BMI, defined as [weight in kg/(height in meters 9 height in meters)]), respiratory frequency, diaphragm excursion, drift of the NAV location, drift directions during individual scanning, scan efficiency, heart rate and length of the rest period in cardiac cycles (mid-diastole). Pearson's correlation coefficient (r) was used to investigate the relationships among various factors. Cohen's kappa coefficient was applied to measure intra-observer agreement (for reader #1) and inter-observer agreement (between reader #1 and #2) of image grading. On a per-patient basis, sex composition and the prevalence of DM and HTN between ''successful'' cases and ''unsuccessful'' cases were compared using Chi squared tests. Age, body weight, BMI, heart rate, length of the rest period of cardiac motion in a cardiac cycle, diaphragm excursion and breathing frequency were compared with ttests between the two subject groups.
The measurements were expressed in the format of mean ± one standard deviation (SD). All statistical processing was performed with SPSS software (SPSS Inc., version 13.0, Chicago, IL). Statistical significance was set at a two-tailed p value \0.05.
Results
Overall, 411 out of 690 coronary segments (including 139 LMs, 141 LADs and 131 RCAs) were considered to be good images, resulting in a 59.6 % overall success rate for coronary wall MR imaging in 230 participants. There were no significant differences in the success rates among various coronary branches (p [ 0.05).
On a per-segment basis, there were significant differences in the drift of the NAV location (1.7 ± 1.6 mm vs. 3.0 ± 2.5 mm, p \ 0.001) and the scan efficiency (38.3 ± 12.5 % vs. 31.4 ± 13.1 %, p \ 0.001) between the 411 coronary segments with good image quality and the 279 segments with poor image quality (see Fig. 1 ). There was a tight correlation between the drift of the NAV location and the scan efficiency (r = 0.680, p \ 0.001). Using a logistic regression model, minimal drift of the NAV location (EXP(B) = 0.840, 95 %CI 0.755-0.935, p = 0.001) and low body weight (EXP(B) = 0.962, 95 %CI 0.942-0.982, p \ 0.001) were identified as independent predictors of good image quality (See Table 2 ). Good intra-observer (Kappa = 0.867, p \ 0.001) and inter-observer agreement (Kappa = 0.793, p \ 0.001) for image grading were found in all coronary segments.
On a per-patient basis, there were significant differences in the length of the rest period in a single cardiac cycle (189 ± 45 vs. 175 ± 47 ms, p = 0.023) and in body weight (77.6 ± 14.1 kg vs. 87.2 ± 13.8 kg, p \ 0.001) and BMI (26.4 ± 4.6 vs. 28.8 ± 3.9, p \ 0.001) between the 149 ''successful'' cases (55 cases with good image quality for all 3 coronary branches,107 male) and the 81 ''unsuccessful'' cases'' (57 male). There were no significant differences between the two subject groups in gender composition (72 % male vs. 70 % male, p = 0.817), prevalence of DM (21 vs. 23 %, p = 0.738), prevalence of HTN (57 vs. 53 %, p = 0.661), age (73.1 ± 4.7 years old vs. 72.2 ± 4.4 years old, p = 0.130), heart rate (60.2 ± 5.5 beats/minite vs. 60.6 ± 6.6 beats/minute, p = 0.719), respiratory frequency (16.2 ± 2.2 breaths/minute vs. 16.3 ± 2.1 breaths/minute, p = 0.907) or diaphragm excursion (14.8 ± 6.8 vs. 14.6 ± 6.7 mm, p = 0.867) (see Table 3 ).
Coronary wall MR images of different image qualities are shown in Figs. 2, 3 , 4, to demonstrate the contributors to optimal image quality.
Discussion
In the present study, we found that minimal drift of the NAV location and low body weight were independent predictors of optimal image quality in 2D, free-breathing, black-blood coronary wall MR imaging. We quantitatively demonstrated the effects of respiratory motion, which is a presumed technical barrier for coronary wall MR imaging, in an older population with low heart rates. Breathing patterns may vary greatly among individuals. In a physiological study, the six most common rhythms of breathing were described in healthy volunteers. Fairly regular rhythm, which is the most common respiratory type, was defined as a breathing pattern with constant frequency and ventilation. Five irregular breathing patterns, which comprised changing, intermittent periods or tidal volume fluctuations, were also observed in normal subjects. Older adults were more likely to have irregular breathing than youths [13] . Nevertheless, only those breathing activities that directly affect heart motion need to be addressed in cardiac MR imaging. Previous studies proved that the movement of the heart during regular tidal breathing is dominated by motion at the cephalocaudal axis, which is linearly related to the motion of the diaphragm in the same directions [14, 15] . Using MR imaging, diaphragm motion can be dynamically monitored [7] . In studies using small sample sizes of healthy volunteers [7, 8] , the large drift of the end-expiration position of the diaphragm has been related to low scan efficiency and to the image quality of free-breathing 3D coronary MR angiography. Lower scan efficiency suggested poor image quality and required a repositioning of the NAV windows [8] . Although 2D free-breathing coronary wall MR imaging uses similar motion-control strategies, its success rate (approximately 30-60 %) has been reported to be significantly lower than whole-heart MR angiography (86-92 %) [5, 6, 11, [16] [17] [18] [19] . Such a discrepancy suggests that these two imaging methods have different susceptibilities to certain physiological conditions. In our study, it was not necessary to adjust the location of the NAV manually during scanning because the motion-adaptive technique allowed the acceptance window of the NAV to adjust automatically, according to the position of the dome. Therefore, the drifts of the NAV, either up-drift or downdrift, closely reflected the locations of the dome at end expiration. Our results also showed that scan efficiency has a close relationship to the drift of the NAV location. Fig. 2 A 76-year-old female with a 5 years history of HTN. Her heart rate was 58 beats/minute. The rest period of cardiac motion was 220 ms. Her body weight was 51.2 kg, and her BMI was 22.5. Her breathing frequency was 18 breaths/minute. The excursion of the diaphragm was 16 mm. a For the LM, the initial location of the NAV was 127 mm. The green box is the acceptance window of the NAV (±2.5 mm) and the red box is the search window for the diaphragm (±32 mm). b The location of the NAV was 127 mm at the end of the scan. The drift of the NAV was 0 mm during the scan. The scan efficiency was 49 %. c The image quality of the LM was ranked as 3. *The presentation of the location of the NAV on MR scanners may be vendor-specified Although scan efficiency was found to be higher in good images than in poor images, it did not serve as an independent determinant of image quality in the present study.
To highlight the effects of respiratory motion, we only included older subjects with slow heart rates in the cohort for analysis because uncontrolled cardiac motion on its own will destroy a coronary wall MR image. In addition, medications for lowering heart rates, such as beta blockers, may potentially affect breathing behaviors [20] . Because coronary wall MR imaging has not been routinely applied in clinical practice, the cut-off point (70 beats/minute) in the present study was selected based on a criterion used in a multi-center clinical study that used multiple-slice computed tomography coronary angiography [21] . However, we still found that the rest periods in ''successful'' cases were significantly longer than those in ''unsuccessful'' cases. This result suggested notable effects of cardiac motion on image quality, even under conditions of low heart rate.
In addition to motion-related factors, some other physiological conditions may also significantly affect MR image quality. We found that low body weight, which is unrelated to both heart beat and respiratory movement, is also a strong predictor of image quality in coronary wall MR imaging. Similar to the phenomenon described in an MR imaging study of obese patients, this finding may be explained by a thinner body wall incurring less attenuation of MR signals [22] .
Our study had some limitations. First, we did not consider the potential effects of coronary lesions, such as plaque burden, on MR image quality [9] . We believe that plaque burden is a coronary measurement, the accuracy of which relies on good image quality. Therefore, it seems inappropriate to evaluate image quality using a source gauged from such images. Second, we did not compare some common physical characteristics of the images, such as signal-to-noise ratio (SNR) or contrast-to-noise ratio (CNR). We thought it would be inappropriate to analyze these measurements when the coronary wall was blurred on some of the poor-quality images. Third, being limited by our study cohort (an asymptomatic population) of the CHARISMA study, we were unable to compare the coronary measurements between patients with CAD and healthy controls. Fourth, we noticed that some adjuncts, such as Fig. 3 A 69-year-old male with an 8 years history of DM. His heart rate was 62 beats/minute. The rest period of cardiac motion was 200 ms. His body weight was 68.9 kg, and his BMI was 24.4. His breathing frequency was 15 breaths/minute. The excursion of the diaphragm was 21 mm. a For the LM, the initial location of the NAV was 132 mm. b The location of the NAV was 133 mm at the end of the scan. The drift of the NAV was 1 mm during the scan. The scan efficiency was 29 %. c The image quality of the LM was ranked as 2 abdominal belts, have been applied to stabilize respiratory motion during coronary MR angiography [17, 23, 24] . However, because of the fixed protocol of this observational study, we could not try possible remedies for adjusting breath modes to improve the image quality of coronary wall MR imaging. For the same reason, we did not evaluate the effects of breathing on other similar coronary wall MR imaging techniques, such as 3D blackblood MR imaging [25, 26] . Fifth, we didn't discriminated ''up-drift'' or ''down-drift'' for the variation of NAV [8] , since the level of NAV may fluctuate to different directions in a single scan.
Conclusions
The stability of respiratory motion significantly influences the image quality of 2D, free-breathing, black-blood coronary wall MR imaging. The drift of the NAV location will be useful for quantitatively evaluating the efficacies of attempts aimed at improving coronary wall MR imaging. Fig. 4 A 72-year-old, healthy female. Her heart rate was 52 beats/ minute. The rest period of cardiac motion was 280 ms. Her body weight was 57.4 kg, and her BMI was 23.0. Her breathing frequency was 18 breaths/minute. The excursion of the diaphragm was 18 mm.
a For the LM, the initial location of the NAV was 123 mm. b The location of the NAV was 120 mm at the end of the scan. The drift of the NAV was 3 mm during the scan. The scan efficiency was 24 %. c The image quality of the LM was ranked as 1
